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Patulin was produced by using the medium and fermentation conditions of Norstadt and McCalla (22) . After 2 weeks, the broth was concentrated in vacuo and extracted with ethyl acetate. After the solvent was evaporated, the residual solids were dissolved in chloroform. This solution was placed on a Florisil column and developed with additional chloroform to elute patulin. Chloroform was removed by flash evaporation, and the residue was put in solution with ether; upon concentration, patulin crystallized out. The toxin was recrystallized from the same solvent and washed with cold ether. Toxin purity was determined by melting point, ultraviolet and infrared analyses, and thin-layer chromatography (TLC) in several solvent systems (15, 26) , All other chemicals used were of reagent grade and purity.
Patulin was reacted with cysteine in aqueous solution at molar ratios of 1:1 and 1:2. Reactions were monitored by TLC on 0.5-mm cellulose plates, using the upper phase of the following solvent system: butanol-acetic acid-water (4: 1:5). Reaction products were detected by spraying with 0.3% ninhydrin in 2% pyridine-acetone solution and heating for about 5 min at 110 C. Ninhydrin-negative compounds separated by TLC on F"" cellulose-coated plastic sheets (EM Laboratories, Elmsford, N. Y.) were detected by ultraviolet quenching.
Toxicity tests. Aqueous solutions of patulin and the patulin-cysteine adducts were injected into the air sac of Mount Hope strain leghorn eggs by the method of Verrett et al. (27) , using both fresh fertile eggs and 4-day-old embryos. Twenty-five eggs were used per dose level and three to five dose levels \vere tested for each experiment. Solvent controls injected with 0.05 ml of water, noninjected controls, and drilled-only controls were included in all experiments to provide data on potential background mortality and teratogenicity. Experiments were repeated three times. Eggs were candled periodically, but incubation was usually terminated on day 20 because no hatching facilities were available. All eggs were opened and the embryos were examined for gross teratogenic effects. The mean lethal dose (LD 50 ) was determined by probit analysis using the computer program of Daum (7) . The dose range for nonincubated eggs was from 3 to 75 p./0.05 ml per 664
Patulin is a highly toxic, carcinogenic, heterocyclic lactone whose possible importance in the etiology of natural outbreaks of mycotoxicoses has never been fully evaluated. This toxin is produced by a variety offungi known to occur in foods and feeds, and it has been reported in natural rots of apples (14) and in apple cider and cider products (10, 25) . The stability of patulin has been investigated in fruit juices, "wet and dry" corn, \V'heat, and sorghum. It is stable in grape and apple juice and dry corn but not in orange juice, flour, baked bread, wet corn, or apple juice fermented with Saccharomyces spp. (15, 23, 24, 26) . Disappearance of patulin in these various commodities has been attributed to its ready reaction with sulfhydrylcontaining amino acids or proteins. The mechanism of the reaction is complex and can be postulated to involve a Michael addition of the sulfhydryl group to the double bond of the unsaturated lactone system of patulin (12, 21) . The literature indicates that this explanation may be only partially correct (3) . No preducts of the reaction between patulin and various sulfhydryl-containing substances have ever been isolated and characterized.
Presumably, these reactions inactivate the toxin; some preliminary, but inconclusive, evidence supporting this hypothesis has been published (19) . Our initial purpose was to determine toxicity of the reaction products formed between patulin and cysteine and to study the mechanism of the reaction. This study was subsequently expanded to include the teratogenic aspects of the compounds under investigation.
MATERIALS AND METHODS
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egg, and for 4-day-old embryos it was 0.5 to 9 ,ug/0.05 ml per embryo.
The LD 50 for patulin by intraperitoneal injection into mice was calculated by the same computer program. Four-dose levels, ranging from 25 to 150 ,ug/ mouse (six mice per dose), were run in each of two experiments and the mice were observed for 3 days; no deaths occurred after this period. The potential toxicity of the patulin-cysteine adducts was tested by reacting 40 mg (0.26 mM) of patulin with 63.0 mg (0.52 mM) of L-cysteine in 20 ml of water. The reaction was followed by TLC until patulin could no longer be detected. Suitable dilutions were made as required. Mice were injected intraperitoneally with 0.2 ml of the reaction solution; controls were injected with water and the equivalent amount of cysteine used in the reactions.
RESULTS
Reaction of patulin \vith cysteine. The reaction of patulin with cysteine at a 1:1 molar ratio in 0.25 M acetic acid-ammonium acetate buffer, pH 5.4, rapidly produced a yellow solution with an absorbance maxima at or near 300 nm (patulin Am"I in MeOH is 276.5). Herrington et al. (17) noted that alpha-or beta-amino thiols react with fluoropyruvate to produce compounds having absorbance maxima at 298 to 303 nm and molar absorbancies of 5,200 to 6,800.
In water solutions patulin is fairly stable but, when cysteine is added to such solutions, rapidly forms acid. In unbuffered solutions, about 1 mol of base per mol of patulin was needed to maintain a constant pH of 5.4 at 25 Cover 1.5 h in a reaction medium saturated with nitrogen. When 2 mol of cysteine per mol of patulin was present, the final amount of base required to maintain a pH of 5.4 for 1.5 h corresponded to the average molar concentrations of cysteine plus patulin (Fig. 1) . These results suggest that one molecule of patulin reacts with more than one molecule of cysteine. Without the addition of base and in an unbuffered solution, the reaction proceeded more slowly, requiring about 2 to 3 days before patulin became nondetectable by TLC. During this time, the pH dropped from 6.5 tD 2.5-2.6, and a highly colored acid-insoluble substance(s) precipitated from the solution. This acid-soluble material, however, is soluble in water solutions at pH values greater than 3.5 to 4.0.
TLC of the reaction solutions on cellulose plates showed at least four ninhydrin-positive and two ninhydrin-negative products. Attempts were unsuccessful to separate these compounds cleanly by various column chromatDgraphic procedures or by high-pressure liquid chromatDgraphy. A crude separation could be achieved with sulfonic acid resins and ammonium formate buffer, pH 3.0 tD 4.0 (18), indicating different ionic properties of the various products. Products were insoluble in all organic solvents, except hot methanol, which permitted partial solution.
TLC of the acid-insoluble fraction previously mentioned revealed a high proportion of ninhydrin-negative material. The infrared spectrum showed a moderately strong band at 3,400 cm-I , having a broad shoulder down to 3,280 cm-I , few methylene carbons (weak band at 2,920 cm-I ), and the possible presence of two different types of carbonyl functions 0,640 and 1,710 cm-I ). After treatment in a two-phase system with hexamethyldisilazane and trimethylchlorosilane in pyridine, the acid-insoluble fraction became soluble in pyridine and chloroform. Nuclear magnetic resonance and mass spectral analyses of the silylated derivatives produced no interpretable data.
Elemental analysis of the acid-insoluble material gave 37.3% carbon, 4.2% hydrogen, 7.2% nitrogen, and 12.9% sulfur, which indicated the possibility of more than one atom of sulfur in some of the patulin-cysteine adducts.
Biological studies. The LD"" of patulin for mice by intraperitoneal injection was determined to be 5.7 mg/kg of mouse, with the upper limit being 9.4 mg and the lower limit being 1.6 mg (95% confidence interval). This range is somewhat lower than the published estimated value of 15 mg/kg of mouse (5) . The reaction solution injected at patulin equivalents of one, two, and four times the LD 511 value had no discernible tDxic effects on mice during the postinjection period of 1 month in which they were observed.
The LD 50 for the chicken embryo injected before incubation was 68.7 fLg (air cell injection), with the upper limit being 860.3 fLg and the lower limit being 33.0 fLg. The 4-day-old embryo was considerably more sensitive: LD 50 gram developed from information provided by Finney (11) ( Table 1 ). The arithmetic average of the slopes from three experiments determined by plotting lethality versus dosage was 2.86 (Table 1) . Gross teratogenic effects were observed at the lower dosage levels in both the eggs injected before incubation (10 J.Lg/egg) and in those after 4 days of incubation (1 to 2 J.Lg/egg). More of the embryos showed teratogenic effects in the 4-day embryos than in those injected before incubation. Results from an experiment using 4-dayold embryos are shown in Table 2 . A variety of effects were noted, but the splayed foot and malrotated ankle predominated. Of equal importance, 12 to 20% of the 4-day-old embryos injected with the patulin-cysteine reaction products exhibited gross teratogenicity, primarily involving the foot region; however, no lethality was observed at dosages of about 50 times the calculated LD 50 of patulin equivalents (Table 2) .
DISCUSSION
Only a limited number of mycotoxins have been shown to be teratogenic; these include aflatoxin (9), ochratoxin (16) , and rubratoxin (20) . We have established the LD 50 dose ofpatulin for the chicken embryo and have also shown it, as \vell as adducts formed between it and cysteine, to be teratogenic for the chicken embryo. Both toxic and teratogenic effects were more pronounced in 4-day-old embryos than in nonincubated eggs. Apparently almost all of the patulin is inactivated before embryo development, possibly because of reactions with proteins not yet incorporated into more susceptible differentiating tissues. This possibility could account for the broad LD 50 range when nonincubated eggs were injected. The toxicity observed then could conceivably result from residual toxicity of patulin adducts and not from patulin per se.
Reportedly, patulin disappears from spiked flour and orange juice, as well as from moldfermented sausage, foods that conceivably can be contaminated by this toxin (1, 14, 23, 26) . It " Arithmetic average. ACKNOWLEDGMENTS " Embryos were small (average weight ratio to controls of 1:1.9) and showed primarily ankle malrotation and splayed feet. One embryo each at the patulin dose levels of 1 and 2 p.g exhibited exencephaly. exophthalmia, and crossed, malformed beaks.
, Surviving embryos were about one-half the weight and size of control embryos.
has been shown repeatedly that patulin is capable of reacting with sulfhydryl groups in amino acids and proteins (2-4, 8, 13, 19) , leading some workers to assume that patulin is inactivated or destroyed in the process (19, 24, 26) . However, careful perusal of the limited published data available pertaining to biological activity indicates that this assumption may be only partly correct; the patulin-cysteine adducts were still partially bacteriostatic to selected gram-positive and gram-negative bacteria (13), and they were still capable of partial inhibition of rabbit muscle aldolase, a thiol-containing enzyme (3), Of related interest was the observation that alkylated adducts formed by the reaction of penicillic acid with cysteine or glutathione, whereas nontoxic to mice or quail, retained considerable toxicity to chicken embryos (6) .
In the present investigation, the toxicity of patulin to mic.e and to chicken embryos was lost in cysteine adducts of the toxin, but teratogenicity to chicken embryos was retained. Since the adducts are not soluble in organic solvents, they would escape detection by the usual assay procedures; hence, contaminated food or feed could be incorrectly judged safe for consumption. A similar warning was issued earlier by Pohland and Allen (23). 
